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ABSTRACT

ANALYSIS AND PERFORMANCE EVALUATION OF SISO AND MIMO
OFDM CHANNEL ESTIMATION TECHNIQUES USING PILOT SYMBOLS
Imtiyaz Ahmed Mohammed, M.S.
Department of Electrical Engineering
Northern Illinois University, 2015
Mansour Tahernezhadi, Thesis Director

Multiple input multiple output orthogonal frequency division multiplexing (MIMO
OFDM) provides a significant performance gain compared to the single antenna systems by
using diversity and multiplexing techniques. The availability of channel state information at the
receiver determines the multiplexing and diversity gain of the MIMO OFDM systems. In this
thesis work, analysis and comparison of different pilot-aided channel estimation algorithms have
been performed. The Alamouti space frequency block coding (SFBC) is used to achieve
diversity, whereas maximum likelihood (ML) detector is used to decode the spatially coded
symbols.
The pilot-aided channel estimation is performed for both MIMO and single input single
output (SISO) OFDM systems using the least square (LS) and minimum mean square error
(MMSE) channel estimation algorithms for the block-type and comb-type pilots. MATLAB
simulations have been performed for estimating the channel in different scenarios like Rayleigh
fading and Stanford university interim (SUI) channel models at various Doppler frequencies. The
performance of different channel estimators have been evaluated for a 2x2 and 1x1 system using
the mean square error (MSE) and bit error rate (BER). The MMSE estimator performs better
than LS estimator in terms of BER but is a little complex. At low Doppler frequencies MMSE

estimator using block-type pilots performs better while at high Doppler frequencies MMSE
estimator using comb-type pilots performs better. The SUI channel model performed better than
the Rayleigh channel due to presence of line of sight (LOS). Hence, the comb type MMSE
estimator in MIMO OFDM is optimal in fast fading scenarios.
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CHAPTER 1: INTRODUCTION
1.1 Background
Wireless communications have brought about a revolution in the field of communications. In
recent years, with the rapid growth of mobile communication services and emerging broadband
mobile Internet access services the optimization of wireless communication system has become
critical [1]. The development of high-performance and bandwidth-efficient wireless transmission
technology is dependent on the estimation of wireless channels and its characteristics.
OFDM is a multicarrier modulation scheme which is the basis for modern wireless
communication standards. OFDM modulation has been adopted as a physical layer scheme for
many modern broadband wireless air interface standards, such as fourth-generation (4G) Long
Term Evolution (LTE), IEEE 802.11/Wi-Fi (Wireless Fidelity), IEEE 802.16/WiMAX
(Worldwide Interoperability for Microwave Access), as well as Digital Video Broadcast –
Terrestrial (DVB-T) [2]. In an OFDM system, at the transmitter the information bit sequence is
modulated into PSK/QAM symbols, then the IFFT is performed on the symbols so that they are
converted into time-domain signals and transmitted through a wireless channel. The signal
received at the receiver is usually distorted due to the channel characteristics.
To recover the transmitted bits, the effect of the wireless channel must be estimated and
compensated at the receiver. As long as there is no ICI (inter-carrier interference), the
orthogonality among the subcarriers is preserved and each subcarrier can be considered as an
independent channel. The received signal can be expressed as the product of transmitted signal
and channel frequency response at the subcarrier. Thus, by estimating the channel frequency
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response the transmitted signal can be recovered at each subcarrier. The channel estimation is of
great importance in coherent demodulation schemes and affects the system’s performance.
MIMO OFDM is one of the latest techniques to increase the performance of the wireless
communication system by using multiple antennas both at the transmitter and receiver. MIMO
techniques can be used to increase diversity, data rate by spatial multiplexing and beam forming.
As multiple antennas are used, the system becomes complex and channel estimation is not easy
as compared to SISO OFDM.
1.2 Problem Statement
As the channel estimation is necessary for coherent demodulation schemes, it has to be
estimated accurately in order for the system to perform better. The channel estimation can be
broadly divided into two types. One is the blind channel estimation which exploits the statistical
characteristics of the channel and certain properties of the transmitted signals. The other is called
pilot symbol-aided or training-based channel estimation, which uses the pilot symbols known to
both transmitter and receiver to estimate channel at the pilot frequencies and employs various
interpolation schemes to estimate the channel at data subcarriers. Though the blind channel
estimation has an advantage that it has no overhead loss, it’s only applicable in slowly timevarying channels because it requires a long data record. Different factors are usually considered
for channel estimation of any OFDM system like the feasibility of implementation, performance
requirements, complexity and rapid changes in the fast-varying channel. In this thesis for
estimating the time-varying wireless channels we use the pilot symbols which are known at the
receiver in advance to get accurate information about the channel.
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The pilot symbols scheme can be used to send pilots either in time domain at different
OFDM symbols or in frequency domain at different subcarriers. In pilot symbol-aided channel
estimation two important things to consider are design of pilots and interpolation [3]. The timedomain way of sending the pilots is known as block-type pilot symbols and the frequencydomain way is known as comb-type pilot symbols. The block-type method is used in slowly
time-varying channels, whereas the comb-type method is used in fast time-varying channels
where channel changes from one OFDM symbol to another. MIMO OFDM is one of the
important and widely used techniques in modern wireless communications. The capacity as well
as diversity of communication systems can be increased by using multiple antennas at the
transmitter and receiver. Moreover the multiple antennas do not use any additional power. But
the capacity and diversity improvement comes at the cost of system complexity. As multiple
antennas are used both at the transmitter and receiver, estimation of channel state information
becomes complex.
Many techniques have been proposed related to the channel estimation [4-6]. But most of the
techniques increase the amount of calculations and thus increase the complexity. In Mata et al
[6], space time block coding is used as MIMO technique but the channel is assumed to be
constant for two consecutive symbols, which is not the case in fast time-varying channels. In this
work SFBC is used as MIMO technique in which symbols are transmitted at adjacent subcarriers
in an OFDM symbol and orthogonal pilots are used for channel estimation. In orthogonal pilot
scheme the pilots are transmitted in such a way that when one antenna transmits a pilot, the other
antenna remains silent or does not transmit anything. In Wang Liping [5], a least square-based
channel estimation method using orthogonal pilots has been proposed. By using orthogonal
pilots the channel estimation becomes simple and similar to SISO OFDM channel estimation as
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at one frequency instant only one antenna transmits the pilot symbols. Once the channel
coefficients are estimated then the received symbols can be estimated by using the maximum
likelihood detection algorithm.
1.3 Thesis Organization
This thesis work is organized as follows:
 In Chapter 2, various wireless channel models and its characteristics are explained. The
important factors like the coherence bandwidth and coherence time of a channel are
thoroughly explained.
 In Chapter 3, the basics of SISO OFDM and MIMO OFDM systems are explained in
detail. Various MIMO techniques like STBC and SFBC are discussed.
 Chapter 4 contains various channel estimation techniques like LS and MMSE for SISO
and MIMO OFDM systems. Different pilot patterns along with various channel
estimation algorithms are thoroughly explained.
 Chapter 5 contains the parameters used in simulations and results of channel estimation
techniques mentioned in this thesis.
 In Chapter 6 conclusions of the thesis along with the future research scope are suggested.

CHAPTER 2: WIRELESS CHANNELS AND THEIR CHARACTERISTICS
2.1 Wireless Channels
In wireless channels, the signal strength decreases as the distance of propagation
increases. Let ‘d’ be the distance between base station (BS) and mobile station (MS) as seen
from Figure 2.1. Then signal strength at the MS can be characterized as a function of ‘d’. Hence
there is a need for models which predict the mean signal strength at the receiver as a function of
separation between transmitter and receiver. These models are termed large-scale propagation
models. Free space propagation model predicts the received signal strength when there is an
unobstructed propagation path between the transmitter and receiver. The Frii’s free space
equation is given by [1]:
𝑃 𝐺 𝐺 𝜆2

𝑡 𝑡 𝑟
𝑃𝑟 (𝑑) = (4𝜋)
2 𝑑2 𝐿

(2.1)

where Pr is the received power as a function of ‘d’, Pt is the transmitted power, L is the system
loss factor, λ is wavelength, Gt is transmit antenna gain and Gr is receiver antenna gain.

Figure 2.1: Representation of distance between MS and BS.
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Due to some atmospheric effects like scattering, reflection and diffraction, the signal
undergoes a change in its amplitude and phase. The variation in signal amplitude with respect to
time and frequency is called fading. Fading occurs due to multipath propagation or reflection
from obstacles which change the direction of propagation of a signal. Fading can be broadly
classified into two types: large-scale fading and small-scale fading.
2.2 Large-Scale Fading
The fading that arises when base station and mobile terminal are separated by a large
distance is known as large scale fading. It is caused by reflection from buildings, hilly terrains
and various obstacles. It is determined by path loss and shadowing. Okumura or Hata model is
one of the most extensively used models to calculate the path loss in urban areas.
2.3 Small-Scale Fading
The fading that arises when base station and mobile terminal are separated by a short
distance is known as small scale fading. The small scale fading can be further divided based on
the multipath effect and Doppler effect. The multipath effect occurs due to interference of signals
from multiple paths. It gives the multipath profile of a channel which characterizes the frequency
selectivity. The Doppler effect occurs when mobile station moves with a certain speed and the
received signal varies from time to time. The delay spread and Doppler spread are the two
properties that characterize the wireless channel [7].
2.3.1 Multipath Effect
The signal after passing through the channel arrives at the receiver through different
paths and undergoes constructive or destructive interference. Multiple signal copies arrive over
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an interval of time; this time duration is known as delay spread. The delay spread can be
computed using maximum delay spread and RMS (root mean square) delay spread. The
maximum delay spread is defined as the ratio of weighted delay and total power and given by:
𝜏̃ =

∑𝐿−1
𝑖=0 𝑔𝑖 𝜏𝑖

(2.2)

∑𝐿−1
𝑖=0 𝑔𝑖

The RMS delay spread is defined as the ratio of average square deviation and total power
and given by:
𝜎𝜏 = √

2
∑𝐿−1
𝑖=0 𝑔𝑖 (𝜏𝑖 − 𝜏̃ )
∑𝐿−1
𝑖=0 𝑔𝑖

(2.3)

2.3.2 Coherence Bandwidth
The duration for which the channel frequency response remains constant is known as
coherence bandwidth. If the received signal bandwidth is less than or equal to coherence
bandwidth of the channel then there is no distortion in received signal. This is known as flat
fading. If the received signal bandwidth is more than coherence bandwidth then there is a
distortion in received signal. This is known as frequency-selective fading and this leads to intersymbol interference (ISI). The coherence bandwidth is inversely proportional to RMS delay
spread [8], which can written as follows:
𝐵𝑐 ≈

1
𝜎𝜏

⟹ 𝐵𝑐 =

1
2𝜎𝜏

(2.4)

2.3.3 Doppler Effect
Doppler shift is the change in frequency of electromagnetic wave arising due to relative
motion between transmitter and receiver. The Doppler shift is given by:
𝑓𝑑 = (

𝑣 cos 𝜃
𝐶

) 𝑓𝑐

(2.5)
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where C is speed of light, fc is the carrier frequency, v is velocity of mobile terminal and 𝜃 is the
angle between the BS and MS as seen in the Figure 2.2.

Figure 2.2: MS and BS angle representation.
2.3.4 Coherence Time
The time over which the channel properties remain constant is known as coherence time.
The coherence time plays an important role in determining the time for which the channel
estimation must be done. To get the knowledge of channel it has to be measured atleast once
every coherent time. If the coherence time is greater than inter-channel estimation time, it is
known as slow fading. If the coherence time is less than inter-channel estimation time, it is
known as fast fading. Doppler spread is the spread of Doppler spectrum. The Doppler spread
(𝐵𝑑 ) is given by ‘2𝑓𝑚 ’, where 𝑓𝑚 is the maximum Doppler shift. Coherence time is inversely
proportional to Doppler spread [8] and is given as:
𝑇𝑐 ≈

1
1
⟹ 𝑇𝑐 =
𝑓𝑚
2𝐵𝑑

(2.6)

2.4 Doppler Spectrum
Doppler spectrum gives the intuition how fast the channel changes. It is given by [8]:
∞

∞

−∞

−∞

𝑆𝐻 (𝑓) = ∫ 𝜓 (∆𝑡)𝑒 −𝑗2𝜋𝑓(∆𝑡) 𝑑(∆𝑡) = ∫ 𝐽0 (2𝜋𝑓𝑑𝑚𝑎𝑥 ∆𝑡)𝑒 −𝑗2𝜋𝑓𝑑

(2.7)
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Equation 2.7 can also be written as:
𝑆𝐻 (𝑓) =

1

𝑟𝑒𝑐𝑡(𝑓/2𝑠𝑖𝑛)

𝜋𝑓𝑑𝑚𝑎𝑥 √1 − (𝑓/𝑓𝑑 )2

(2.8)

2.5 Rayleigh Fading
Usually the amplitude of a signal in a fading environment undergoes several scattering
components. If the scattering environment follows the Rayleigh distortion, then it is said to be
Rayleigh fading. The Rayleigh fading has no LOS. That means there is no stronger scattering
component and no LOS between the transmitter and receiver. The most severe multipath channel
is one in which no LOS path is present and channel taps are independent, which is the Rayleigh
fading channel [7]. The power spectral density of the Rayleigh fading environment is given as
follows:
𝑎
−𝑎2
𝑓(𝑎) = 2 exp{ 2 }
𝜎
2𝜎

(2.9)

where ‘a’ is amplitude of the CIR and 2σ2 is power of NLOS component.
2.6 Ricean Fading
The fading in which LOS is present is known as Ricean fading. The fading dips are low
due to fact that LOS is present along with dispersed multipaths [7]. The power spectral density of
a Ricean fading environment is given as follows:
𝑎
−(𝑎2 + 𝐴2 )
𝑎𝐴
𝑓(𝑎) = 2 exp {
}
𝐼
{
}
0
𝜎
2𝜎 2
𝜎2

(2.10)

where ‘A’ is power of LOS component, the K factor is defined by K=A2/2 σ2 and I0{} is Bessel
function of zeroth order.
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2.7 SUI Channels
SUI channels are used in real life for practical purpose of simulation. There are six types
of SUI channel models and they follow Ricean fading. The power spectral density of SUI
channels is given by [1]:
𝑆(𝑓) = {

1 − 1.72𝑓02 + 0.785𝑓04
0

|𝑓0 | ≤ 1
|𝑓0 | > 1

(2.11)

The six types of SUI channels have different Doppler and delay spreads, which are
shown in Table 2.1. The terrain type C is defined as flat terrain with low density of trees, terrain
B is defined as hilly terrain with low density of trees, and terrain A is defined as hilly terrain with
heavy tree density. The SUI channels can be categorized with respect to terrain type, Doppler
spread and delay spread as shown in Table 2.1.
Table 2.1 SUI channel terrain type, Doppler and delay spreads [9].

CHAPTER 3: OFDM AND MIMO OFDM
3.1 Introduction
OFDM is a type of frequency division multiplexing (FDM) where multiple subcarriers
are used instead of a single subcarrier to transmit the information data. It is a type of multicarrier
modulation (MCM) in which all the subcarriers are orthogonal. Two subcarriers are said to be
orthogonal if the integral of the products over the fundamental period is zero [1]. This helps in
increasing the spectral efficiency as the subcarrier spacing is less compared to FDM. The overall
data rate is invariant in MCM compared to single carrier modulation (SCM). If ‘B’ is bandwidth
of a system and ‘N’ is number of subcarriers, then in MCM, N symbols are transmitted in N/B
time period, whereas 1 symbol is transmitted every 1/B time period in SCM. Thus, the overall
data rate is same.
Weinstein and Ebert, both engineers at Bell Laboratories, introduced the concept of data
transmission by FDM using the discrete Fourier transform (DFT). The bank of filters in FDM
were replaced with simple inverse DFT and DFT operations. The transmitter and receiver
schematic along with other important steps in an OFDM block are defined in the next step.
3.1.1 Transmitter Schematic
The symbols from the bit-to-symbol modulator are converted into N parallel streams.
Each stream is a subcarrier. Let X(k) be the transmit symbol. Then IFFT is used to modulate the
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message symbols on different subcarriers. There are N symbols on N subcarriers, which
constitutes an OFDM symbol. Then the parallel-to-serial conversion of modulated symbols is
done. Then cyclic prefix is added to avoid the ISI. The resultant OFDM symbol in time domain
is then transmitted through the channel. The block diagram of a transmitter is shown in Figure
3.1.

Figure 3.1: Transmitter schematic of an OFDM system.
The discrete time domain OFDM symbol x(n) is given by:
𝑥(𝑛) = 𝐼𝐷𝐹𝑇{𝑋(𝑘)},
𝑥(𝑛) = ∑

𝑁−1
𝑘=0

𝑋(𝑘)𝑒

0≤ 𝑛 ≤ 𝑁−1
𝑗2𝜋𝑘𝑛
𝑁

(3.1)

3.1.2 Receiver Schematic
After the OFDM symbols pass through the frequency-selective and varying channels,
they are received at the receiver. At the receiver the cyclic prefix (CP) is removed after which the
signal undergoes serial-to-parallel conversion. Then they are passed through the FFT block
where N-point FFT is applied to convert the signal into frequency domain and recover the
transmitted symbols. The block diagram of a receiver is shown in Figure 3.2.
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Figure 3.2: Receiver schematic of an OFDM system.
The received signal is given by:
𝑌(𝑘) = 𝐷𝐹𝑇{𝑦(𝑛)},
𝑌(𝑘) = ∑

𝑁−1
𝑛=0

𝑥(𝑛)𝑒 −

0≤𝑘 ≤𝑁−1
𝑗2𝜋𝑘𝑛
𝑁

(3.2)

𝑌 (𝑘) = 𝑋(𝑘)𝐻(𝑘) + 𝑍(𝑘)

(3.3)

where H(k) is the channel frequency response, Z(k) is additive white Gaussian noise (AWGN)
and the channel impulse response h(n) is given by [10]:
ℎ(𝑛) = ∑

𝐿−1
𝑖=0

2𝜋

ℎ𝑖 𝑒 𝑗 𝑁 𝑓𝑑𝑖 𝜏𝑛 𝛿(𝜏 − 𝜏𝑖 ),

0≤𝑛 ≤𝑁−1

(3.4)

where L is the number of paths, hi is complex CIR, fdi is the ith path Doppler shift, 𝜏 is the delay
spread index and τi is the ith path delay.
3.1.3 Cyclic Prefix
The addition of cyclic prefix is an important stage in OFDM transmitter to prevent the
ISI. The initial samples of an OFDM symbol are being subject to ISI. To avoid this we can add
certain samples from the end part to the beginning of OFDM symbol. The block diagram of
cyclic prefix is shown in Figure 3.3. The time-domain samples x(0), x(1)……….. x(N-1), which
constitute the OFDM symbol, are transmitted from the transmitter. After passing through the
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frequency-selective channel modelled by h(0), h(1)………. h(L-1), the samples of OFDM
symbol at receiver are given by [8]:
𝑦(0) = ℎ(0)𝑥(0) + ℎ(1)𝑥(𝑁 − 1) … … … . . +ℎ(𝐿 − 1)𝑥(𝑁 − 𝐿 + 1)
⋮
𝑦(𝑁 − 1) = ℎ(𝑁 − 1)𝑥(𝑁 − 1) + ℎ(1)𝑥(𝑁 − 1) … … … . . +ℎ(𝐿 − 1)𝑥(𝑁 − 𝐿 + 1)
The above equation can also be written as follows:
[𝑦(0) 𝑦(1) … … 𝑦(𝑁 − 1)] = [ℎ(0) ℎ(1) … … ℎ(𝐿 − 1)] ∗ [𝑥(0) 𝑥(1) … … 𝑥(𝐿 − 1)]
𝑦=ℎ⊗𝑥

(3.5)

So, due to the addition of CP,
𝑌(𝑘) = 𝐻(𝑘)𝑋(𝑘)

(3.6)

Figure 3.3: Cyclic prefix insertion.
The received symbol at kth subcarrier Y(k) is given by product of H(k), the channel
coefficient and the transmitted symbol at kth subcarrier. Thus the frequency-selective channel is
converted into a group of narrow flat-fading channels. The CP makes the symbol periodic and
avoids ISI and inter-channel interference (ICI). OFDM converts a wideband channel into a set of
N-parallel narrowband channels.
3.2 OFDM Merits
 It transforms a frequency-selective wideband channel into a number of flat-fading
narrowband channels.
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 The spectral efficiency of the system is increased due to orthogonal subcarriers.
 Due to addition of CP, the linear convolution converts to circular convolution, and
hence avoiding ISI.
 The receiver and transmitter schematic is easier to implement compared to FDM.
3.3 OFDM Demerits
 OFDM is sensitive to timing and frequency synchronization. If the transmitter and
receiver are not synchronized then it leads to ICI.
 Due to carrier frequency offset (CFO), loss of orthogonality amongst OFDM
subcarriers results in ICI.
 The peak-to-average power ratio (PAPR) is high and rises with number of
subcarriers. This causes saturation in the amplifier, which leads to ICI.
3.4 MIMO OFDM
To achieve high throughput, diversity and simplified reception, multiple antennas can be
used both at the transmitter and receiver. MIMO OFDM is basically a combination of MIMO
techniques with OFDM. Similar to OFDM, MIMO OFDM converts a frequency-selective
MIMO channel into multiple parallel flat-fading MIMO channels. Hence MIMO OFDM
significantly simplifies baseband receiver processing by eliminating the need for a complex
MIMO equalizer.

MIMO OFDM eliminates the MIMO ISI. The total MIMO capacity is given by [8]:
𝐶 = min(𝑟, 𝑡) [log10 (1 +

𝑃𝑡
)]
𝜎𝑛2

(3.7)
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where r and t represent the number of transmit and receive antennas and Pt and 𝜎𝑛2 represent the
transmitter power and noise variance. The block diagram of a MIMO system is shown in the
following Figure 3.4.

Figure 3.4: MIMO system.
The MIMO techniques are usually divided into three categories depending on the
requirements like diversity, beam forming and spatial multiplexing at the receiver.
3.4.1 Spatial Diversity
With the use of multiple antennas, multiple copies of the transmitted signal are available
at the receiver due to different paths which can be used to increase the diversity by improved
BER. Different antennas should be separated such that there is low correlation between them.
The diversity can be achieved by increasing antennas either at the transmitter or receiver. As the
number of paths increases, diversity increases. The two types of diversities are transmit diversity
and receiver diversity.
3.4.2 Transmit Diversity
If the number of transmit antennas is greater than 2, then transmit diversity can be
performed. The CSI should be known at the transmitter to perform transmit diversity. But with
the use of Alamouti space time block coding (STBC) in which coding is done in spatial and time
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domains by using orthogonal codes, transmit diversity can be achieved. The Figure 3.5 shows the
schematic for transmit diversity.

Figure 3.5: Block diagram of transmit diversity.
3.4.3 Receive Diversity
If the number of receive antennas is greater than 2, then receiver diversity can be
performed. The CSI should be known at the receiver to perform receive diversity. Figure 3.6
shows the schematic for receiver diversity.

Figure 3.6: Block diagram of receive diversity.
3.4.4 Spatial Multiplexing
The MIMO system capacity can be improved by transmitting several information streams
in parallel. Different data streams are transmitted from different antennas to increase the data rate
by using the same bandwidth and no additional power. The antennas must be correlated to
achieve spatial multiplexing. There are two types of spatial multiplexing: open-loop and closedloop spatial multiplexing. If knowledge of channel is available and is fed back to transmitter then
it is closed loop, else it is open loop multiplexing.
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3.4.5 Beam Forming
It is a MIMO technique in which the overall antenna beam is targeted in the desired
direction of a specific receiver antenna. The strength of the signal increases at the particular
receiver antenna. It is also known as maximal ratio transmission (MRT). If antenna correlation is
low, then precoding-based beam forming is used in which a precoding matrix with different
complex weights is applied at the transmitter side. If the antenna correlation is high, then by
applying different phase shifts to the signal at transmitter the overall beam can be directed in
specific receiver direction.
3.5 Alamouti STBC
As this thesis work is related with MIMO OFDM using diversity techniques to increase
the BER performance, several transmit diversity schemes introduced by Alamouti using
orthogonal codes have been discussed. To perform Alamouti STBC, no CSI is necessary at the
transmitter. The diversity can be increased using STBC in which the symbols are coded in spatial
and time domains. Let us consider a 2x2 MIMO OFDM system, where Nt = 2 and Nr = 2 are
number of transmit and receive antennas. The system can be denoted as:
[

𝐻1,1 (𝑛, 𝑘) 𝐻1,2 (𝑛, 𝑘)
𝑌1 (𝑛, 𝑘)
𝑆 (𝑛, 𝑘)
𝑍 (𝑛, 𝑘)
]
=[
]
[ 1
]
+[ 1
]
𝐻2,1 (𝑛, 𝑘) 𝐻2,2 (𝑛, 𝑘) 2𝑋2 𝑆2 (𝑛, 𝑘) 2𝑋1
𝑌2 (𝑛, 𝑘) 2𝑋1
𝑍2 (𝑛, 𝑘) 2𝑋1

(3.8)

where Yi(n,k) is the received signal at nth symbol and kth subcarrier of ith receive antenna,
Hi,j(n,k) is the channel frequency response between ith receive antenna and jth transmit antenna,
Zi(n,k) is the AWGN at ith receive antenna and S1(n,k) and S2(n,k) are transmitted symbols from
transmit antennas 1 and 2, which are STBC encoded. To perform STBC, at symbol ‘n’ we
transmit symbol X(n,k) from 1st antenna and X(n+1,k) from 2nd antenna. At symbol ‘n+1’, we
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transmit –X*(n+1,k) from 1st antenna and X*(n,k) from 2nd antenna. The STBC-encoded matrix
can be denoted as:
→ Time
𝑆=[

𝑆1 (𝑛, 𝑘) 𝑆1 (𝑛 + 1, 𝑘)
𝑋(𝑛, 𝑘)
]=[
𝑆2 (𝑛, 𝑘) 𝑆2 (𝑛 + 1, 𝑘)
𝑋(𝑛 + 1, 𝑘)

−𝑋 ∗ (𝑛 + 1, 𝑘)
] ↓ 𝑆𝑝𝑎𝑐𝑒
𝑋 ∗ (𝑛, 𝑘)

(3.9)

The received symbol at the receiver is given as follows:
At Receiver 1:
𝑌1 (𝑛, 𝑘) = 𝐻1,1 (𝑛, 𝑘)𝑆1 (𝑛, 𝑘) + 𝐻1,2 (𝑛, 𝑘)𝑆2 (𝑛, 𝑘)
𝑌1 (𝑛 + 1, 𝑘) = 𝐻1,1 (𝑛 + 1, 𝑘)𝑆1 (𝑛 + 1, 𝑘) + 𝐻1,2 (𝑛 + 1, 𝑘)𝑆2 (𝑛 + 1, 𝑘)

(3.10)

At Receiver 2:
𝑌2 (𝑛, 𝑘) = 𝐻2,1 (𝑛, 𝑘)𝑆1 (𝑛, 𝑘) + 𝐻2,2 (𝑛, 𝑘)𝑆2 (𝑛, 𝑘)
𝑌2 (𝑛 + 1, 𝑘) = 𝐻2,1 (𝑛 + 1, 𝑘)𝑆1 (𝑛 + 1, 𝑘) + 𝐻2,2 (𝑛 + 1, 𝑘)𝑆2 (𝑛 + 1, 𝑘)

(3.11)

Substituting the values from Equation 3.9 in the above equation, we get:
At Receiver 1:
𝑌1 (𝑛, 𝑘) = 𝐻1,1 (𝑛, 𝑘)𝑋(𝑛, 𝑘) + 𝐻1,2 (𝑛, 𝑘)𝑋(𝑛 + 1, 𝑘)
𝑌1 (𝑛 + 1, 𝑘) = −𝐻1,1 (𝑛 + 1, 𝑘)𝑋 ∗ (𝑛 + 1, 𝑘) + 𝐻1,2 (𝑛 + 1, 𝑘)𝑋 ∗ (𝑛, 𝑘)

(3.12)

At Receiver 2:
𝑌2 (𝑛, 𝑘) = 𝐻2,1 (𝑛, 𝑘)𝑋(𝑛, 𝑘) + 𝐻2,2 (𝑛, 𝑘)𝑋(𝑛 + 1, 𝑘)
𝑌2 (𝑛 + 1, 𝑘) = −𝐻2,1 (𝑛 + 1, 𝑘)𝑋 ∗ (𝑛 + 1, 𝑘) + 𝐻2,2 (𝑛 + 1, 𝑘)𝑋 ∗ (𝑛, 𝑘)

(3.13)

3.6 Alamouti SFBC
To perform Alamouti SFBC, no CSI is necessary at the transmitter. The diversity can be
increased using SFBC in which the symbols are coded in spatial and frequency domains. A
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detailed study of SFBC in MIMO OFDM systems has been described in [11]. Also a
combination of STBC-based and SFBC-based channel estimation has been proposed in [12], but
it increases complexity. Let us consider a 2x2 system, where Nt = 2 and Nr = 2 are number of
transmit and receive antennas. To perform SFBC, at subcarrier ‘k’ of symbol n we transmit
symbol X(n,k) from 1st antenna and X(n,k+1) from 2nd antenna. At subcarrier ‘k+1’, we transmit
–X*(n,k+1) from 1st antenna and X*(n,k) from 2nd antenna. The SFBC-encoded matrix can be
denoted as:
→ Frequency
𝑆=[

𝑆1 (𝑛, 𝑘) 𝑆1 (𝑛, 𝑘 + 1)
𝑋(𝑛, 𝑘)
]=[
𝑆2 (𝑛, 𝑘) 𝑆2 (𝑛, 𝑘 + 1)
𝑋(𝑛, 𝑘 + 1)

−𝑋 ∗ (𝑛, 𝑘 + 1)
] ↓ 𝑆𝑝𝑎𝑐𝑒
𝑋 ∗ (𝑛, 𝑘)

(3.14)

The received symbol at the receiver is given as:
At Receiver 1:
𝑌1 (𝑛, 𝑘) = 𝐻1,1 (𝑛, 𝑘)𝑆1 (𝑛, 𝑘) + 𝐻1,2 (𝑛, 𝑘)𝑆2 (𝑛, 𝑘)
𝑌1 (𝑛, 𝑘 + 1) = 𝐻1,1 (𝑛, 𝑘 + 1)𝑆1 (𝑛, 𝑘 + 1) + 𝐻1,2 (𝑛, 𝑘 + 1)𝑆2 (𝑛, 𝑘 + 1)

(3.15)

At Receiver 2:
𝑌2 (𝑛, 𝑘) = 𝐻2,1 (𝑛, 𝑘)𝑆1 (𝑛, 𝑘) + 𝐻2,2 (𝑛, 𝑘)𝑆2 (𝑛, 𝑘)
𝑌2 (𝑛, 𝑘 + 1) = 𝐻2,1 (𝑛, 𝑘 + 1)𝑆1 (𝑛, 𝑘 + 1) + 𝐻2,2 (𝑛, 𝑘 + 1)𝑆2 (𝑛, 𝑘 + 1)

(3.16)

Substituting the values from Equation 3.14 in the above equation, we get:
At Receiver 1:
𝑌1 (𝑛, 𝑘) = 𝐻1,1 (𝑛, 𝑘)𝑋(𝑛, 𝑘) + 𝐻1,2 (𝑛, 𝑘)𝑋(𝑛, 𝑘 + 1)
𝑌1 (𝑛, 𝑘 + 1) = −𝐻1,1 (𝑛, 𝑘 + 1)𝑋 ∗ (𝑛, 𝑘 + 1) + 𝐻1,2 (𝑛, 𝑘 + 1)𝑋 ∗ (𝑛, 𝑘)

(3.17)
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At Receiver 2:
𝑌2 (𝑛, 𝑘) = 𝐻2,1 (𝑛, 𝑘)𝑋(𝑛, 𝑘) + 𝐻2,2 (𝑛, 𝑘)𝑋(𝑛, 𝑘 + 1)
𝑌2 (𝑛, 𝑘 + 1) = −𝐻2,1 (𝑛, 𝑘 + 1)𝑋 ∗ (𝑛, 𝑘 + 1) + 𝐻2,2 (𝑛, 𝑘 + 1)𝑋 ∗ (𝑛, 𝑘)

(3.18)

3.7 Maximum Likelihood Detector
The maximum likelihood detector can be used to extract the modulated symbols from the
signal received at the receiver [13]. By using the combining scheme for SFBC-encoded symbols
[8], we can write the following equations:
At Receiver 1:
̂ ∗1,1 (𝑛, 𝑘)𝑌1 (𝑛, 𝑘) + 𝐻
̂1,2 (𝑛, 𝑘 + 1)𝑌1 ∗ (𝑛, 𝑘 + 1)
𝑋̂(𝑛, 𝑘) = 𝐻
̂ ∗1,2 (𝑛, 𝑘)𝑌1 (𝑛, 𝑘) − 𝐻
̂1,1 (𝑛, 𝑘 + 1)𝑌1 ∗ (𝑛, 𝑘 + 1)
𝑋̂(𝑛, 𝑘 + 1) = 𝐻

(3.19)

At Receiver 2:
̂ ∗ 2,1 (𝑛, 𝑘)𝑌2 (𝑛, 𝑘) + 𝐻
̂2,2 (𝑛, 𝑘 + 1)𝑌2 ∗ (𝑛, 𝑘 + 1)
𝑋̂(𝑛, 𝑘) = 𝐻
̂ ∗ 2,2 (𝑛, 𝑘)𝑌2 (𝑛, 𝑘) − 𝐻
̂2,1 (𝑛, 𝑘 + 1)𝑌2 ∗ (𝑛, 𝑘 + 1)
𝑋̂(𝑛, 𝑘 + 1) = 𝐻

(3.20)

The above equations can be combined as follows:
̂ ∗1,1 (𝑛, 𝑘)𝑌1 (𝑛, 𝑘) + 𝐻
̂1,2 (𝑛, 𝑘 + 1)𝑌1 ∗ (𝑛, 𝑘 + 1) +
𝑋̂(𝑛, 𝑘) = 𝐻
̂ ∗ 2,1 (𝑛, 𝑘)𝑌2 (𝑛, 𝑘) + 𝐻
̂2,2 (𝑛, 𝑘 + 1)𝑌2 ∗ (𝑛, 𝑘 + 1)
𝐻

(3.21)

̂ ∗1,2 (𝑛, 𝑘)𝑌1 (𝑛, 𝑘) − 𝐻
̂1,1 (𝑛, 𝑘 + 1)𝑌1 ∗ (𝑛, 𝑘 + 1) +
𝑋̂(𝑛, 𝑘 + 1) = 𝐻
̂ ∗ 2,2 (𝑛, 𝑘)𝑌2 (𝑛, 𝑘) − 𝐻
̂2,1 (𝑛, 𝑘 + 1)𝑌2 ∗ (𝑛, 𝑘 + 1)
𝐻

(3.22)

By assuming that the channel frequency is constant for adjacent subcarriers in an OFDM symbol
as shown in Equation 3.22, we can easily demodulate the SFBC-encoded data.
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𝐻𝑖,1 [𝑛, 𝑘] = 𝐻𝑖,1 [𝑛, 𝑘 + 1]
𝐻𝑖,2 [𝑛, 𝑘] = 𝐻𝑖,2 [𝑛, 𝑘 + 1]

(3.23)

Thus, the SFBC-encoded symbols can be demodulated using the above equations if we have the
channel information which can be obtained using various channel estimation techniques, which
are discussed in the next chapter.

CHAPTER 4: CHANNEL ESTIMATION FOR SISO AND MIMO OFDM
SYSTEMS
4.1 Introduction

In a wireless communication system, the estimation of channel is necessary when the
received signal is coherently demodulated. Hence, to get knowledge of the channel, it needs to be
measured at least once every coherent time. The channel estimation can be done using training or
pilot symbols and by blind estimation techniques [1]. The blind estimation techniques make use
of statistical properties of signal to estimate the channel. But it is not applicable in fast timevarying channels as it needs a long record of data [13]. The training method uses pilot symbols
which are known both at transmitter and receiver to estimate the channel. As the intensity of
pilot symbols increases, the estimation accuracy increases but spectral efficiency decreases.
Training method is used commonly in most of the modern communication systems as it is simple
and efficient. The pilot-aided channel estimation techniques can be classified into two types.
4.2 Block-Type Pilots

The pilot symbols are inserted in frequency domain on all subcarriers in an OFDM
symbol. This method of sending pilot symbols is referred to block type. The channel is assumed
to be constant for a few OFDM symbols. The pilot spacing should be less than coherence time.
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The block-type pilot arrangement is shown in Figure 4.1. Let St be the pilot spacing in time
domain. Therefore St should satisfy the following as coherence time is inversely proportional to
Doppler frequency [1].
𝑆𝑡 ≤

1
𝑓𝑑𝑜𝑝𝑝𝑙𝑒𝑟

(4.1)

Figure 4.1: Block type pilot arrangement [1].
This type of arrangement is suitable for slow fading channel and frequency-selective
channels. This type of pilot method does not work in fast time-varying channels as the channel
changes from symbol to symbol.
4.3 Comb-Type Pilots
The pilot symbols are inserted in time domain at all the OFDM symbols at certain
frequency spacing between the subcarriers. Thus not all the subcarriers are pilots in an OFDM
symbol. The pilot spacing between pilot subcarriers should be such that it must be located as
frequently as coherence bandwidth [1]. The comb type pilot arrangement is shown in Figure 4.2.
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Let Sf be the pilot spacing in frequency domain. Therefore it must satisfy the following as
coherence bandwidth is inversely proportional to maximum delay spread.
𝑆𝑓 ≤

1
𝜎𝑚𝑎𝑥𝑖𝑚𝑢𝑚

(4.2)

Figure 4.2: Comb type pilot arrangement [1].
This type of arrangement is able to track fast-fading channels. This type of pilot method
is not applicable in frequency-selective channels. By using comb type pilots, only the frequency
response at pilot subcarriers is known and the response at data subcarriers has to determined. By
using interpolation techniques, we can find the frequency response at data subcarriers.
4.3.1 Interpolation Techniques
Channel interpolation needs to be performed in comb type method to estimate the
channel at data subcarriers. There are many interpolation techniques like the linear interpolation,
spline interpolation, low pass interpolation, cubic spline interpolation and many more. Linear
interpolation is the simplest of all techniques with moderate performance and is used in this
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thesis work. In linear interpolation method, the channel estimation at data subcarriers k (mL < k
< (m+1) L) is done using the two adjacent pilots and linearly interpolating it, given by:
𝐻𝑒 (𝑘) = 𝐻𝑒 (𝑚𝐿 + 𝑙),

0≤𝑙≤𝐿
𝑙

= (𝐻𝑝 (𝑚 + 1) − 𝐻𝑝 (𝑚)) 𝐿 + 𝐻𝑝 (𝑚)

(4.3)

where Hp (m) is the frequency response at pilot location.
4.4 SISO OFDM Channel Estimation
The SISO OFDM channel estimation can be performed for block type and comb type
pilots by using LS and MMSE channel estimators, which are discussed in the next section. The
block diagram of SISO OFDM system is shown in Figure 4.3.

Figure 4.3: Block diagram of SISO OFDM channel estimation.

27

4.4.1 Using Block-Type pilots
The pilot symbols are transmitted at all the subcarriers of an OFDM symbol. If there is no
ISI then we can write the received signal [13] as:
𝑌 = 𝑋𝐻 + 𝑍
= 𝑋𝐹ℎ + 𝑍
where

(4.4)

𝑋 = 𝑑𝑖𝑎𝑔{𝑋(0, 𝑋(1), … … . 𝑋(𝑁 − 1)}
𝑌 = [𝑌(0), 𝑌(1), … … . 𝑌(𝑁 − 1)]𝑇
𝑍 = [𝑍(0), 𝑍(1), … … . 𝑍(𝑁 − 1)]𝑇
𝐻 = [𝐻(0), 𝐻(1), … … . 𝐻(𝑁 − 1)]𝑇
𝑊𝑁00
𝐹=[
⋮
(𝑁−1)0
𝑊𝑁

⋯
⋱
⋯

0(𝑁−1)

𝑊𝑁

⋮

(𝑁−1)(𝑁−1)
𝑊𝑁

]

where F is the NXN DFT matrix and its elements are defined as 𝑊𝑁𝑛𝑘 =

(4.5)

1
√𝑁

𝑒

−𝑗2𝜋𝑛𝑘
𝑁

.

Using Least Square Estimator:
To find the channel estimate using least square estimator we have to minimize the cost
function Q [10] given by:
̂ ) = (𝑌 − 𝑋𝐻
̂ )𝐻 (𝑌 − 𝑋𝐻
̂)
𝑄(𝐻
̂ )𝐻 (𝑌 − 𝑋𝐻
̂)
= (𝑌 − 𝑋𝐻
̂−𝐻
̂𝐻𝑋𝐻 𝑌 − 𝐻
̂ 𝐻 𝑋 𝐻 𝑋𝐻
̂
= 𝑌 𝐻 𝑌 − 𝑌 𝐻 𝑋𝐻

(4.6)
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̂ in order to minimize the above function and equating it to
By differentiating with respect to 𝐻
zero, we get:
𝜕𝑄
̂
𝜕𝐻

̂) = 0
= −2(𝑋 𝐻 𝑌) + 2(𝑋 𝐻 𝑋𝐻

̂𝐿𝑆 = (𝑋 𝐻 𝑋)−1 𝑋 𝐻 𝑌 = 𝑋 −1 𝑌
𝐻

(4.7)

Therefore the least square channel estimation is given by:
̂𝐿𝑆 (𝑘) =
𝐻

𝑌(𝑘)
,
𝑋(𝑘)

𝑘 = 0,1, … 𝑁 − 1

(4.8)

Using Minimum Mean Square Error Estimator:
The minimum mean square error estimator has better performance compared to least
square estimator but has high complexity [14]. To find the channel estimate using minimum
̂ ≅ 𝑀𝐻
̃ be the
mean square error estimator we have to minimize the cost function Q [10], Let 𝐻
̂𝐿𝑆 ≅ 𝐻
̃ ≅ 𝑋 𝐻 𝑌.
MMSE estimate where M is a weight matrix which minimizes the MSE and 𝐻
̂ ) = 𝐸[(𝐻 − 𝐻
̂ )2 ] = 𝐸[(𝐻 − 𝐻
̂ )𝐻 (𝐻 − 𝐻
̂ )]
𝑄(𝐻

(4.9)

̃ as shown in
From the orthogonality rule, the estimation error ‘e’ is orthogonal to 𝐻
Figure 4.4, which is given as:
̃ 𝐻 } = 𝐸{(𝐻 − 𝐻
̂ )𝐻
̃𝐻 }
𝐸{𝑒𝐻
̃ )𝐻
̃𝐻 }
= 𝐸{(𝐻 − 𝑀𝐻
̃ 𝐻 } − 𝑀𝐸{𝐻
̃𝐻
̃𝐻 }
= 𝐸{𝐻𝐻
= 𝑅𝐻𝐻̃ − 𝑀𝑅𝐻̃𝐻̃ = 0
which can be solved to give:
𝑀 = 𝑅𝐻𝐻̃ 𝑅𝐻−1
̃𝐻
̃

(4.10)
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where

𝑅𝐻̃𝐻̃ = 𝑅𝐻̂𝐿𝑆 𝐻̂𝐿𝑆 = 𝐸{𝑋 −1 𝑌(𝑋 −1 𝑌)𝐻 = 𝐸{𝐻𝐻 𝐻 } + 𝐸{𝑋 −1 𝑍𝑍 𝐻 (𝑋 −1 )𝐻 }
𝜎2

𝜎2

= 𝑅𝐻𝐻 + 𝑋𝑋𝑍𝐻 𝐼 = 𝐹𝐸{ℎℎ𝐻 }𝐹 𝐻 + 𝑋𝑋𝑍𝐻 𝐼𝑁
= 𝑋𝐹𝑅ℎℎ 𝐹 𝐻 𝑋 𝐻 + 𝜎𝑍2 𝐼𝑁
and

(4.11)

𝑅𝐻𝐻̃ = 𝑅𝐻𝐻̂𝐿𝑆 = 𝐸{𝐹ℎ(𝐹ℎ)𝐻 }
= 𝐹𝐸{ℎℎ𝐻 }𝐹 𝐻
= 𝐹𝑅ℎℎ 𝐹 𝐻

(4.12)

Therefore, the MMSE estimate is given by:
̂𝑀𝑀𝑆𝐸 = 𝑅𝐻𝐻̃ 𝑅𝐻−1
̃
𝐻
̃𝐻
̃𝐻
= 𝐹𝑅ℎℎ 𝐹 𝐻 {𝑋𝐹𝑅ℎℎ 𝐹 𝐻 𝑋 𝐻 + 𝜎𝑍2 𝐼𝑁 }−1 𝑋 𝐻 𝑌

(4.13)

Figure 4.3: MMSE channel estimation overview.
4.4.2 Using Comb-Type pilots
The Np pilot symbols are inserted uniformly into X(k) using the formula shown below:
𝑋(𝑘) = 𝑋(𝑚𝐿 + 𝑙)
={

𝑋𝑝 (𝑚);
𝐼𝑛𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝐷𝑎𝑡𝑎;

𝑙=0

𝑙 = 1,2, … 𝐿 − 1

where m is pilot index. If there is no ISI then we can write the received signal as:

(4.14)
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𝑌𝑝 = 𝑋𝑝 𝐻𝑝 + 𝑍𝑝
= 𝑋𝑝 𝐹𝑝 ℎ + 𝑍𝑝

(4.15)

𝑋𝑝 = 𝑑𝑖𝑎𝑔{𝑋𝑝 (0), 𝑋𝑝 (1), … … . 𝑋𝑝 (𝑁𝑝 − 1)}

where

𝑌𝑝 = [𝑌𝑝 (0), 𝑌𝑝 (1), … … . 𝑌𝑝 (𝑁𝑝 − 1)]𝑇

(4.16)

Using Least Square Estimator:
The least square estimator using comb type arrangement at pilot subcarrier can be derived
from Equation 4.8 as follows:
̂𝑝,𝐿𝑆 = 𝑋𝑝 −1 𝑌𝑝 =
𝐻

𝑌𝑝 (𝑚)
,
𝑋𝑝 (𝑚)

𝑚 = 0,1, … 𝑁𝑝 − 1

(4.17)

Using Minimum Mean Square Error Estimator:
The MMSE estimator for comb type arrangement at pilot subcarrier can be derived from
4.13 as:
̂𝑝,𝑀𝑀𝑆𝐸 = 𝑅𝐻𝐻̃ 𝑅𝐻−1
̃
𝐻
̃𝑝 𝐻𝑝
𝑝 ̃𝑝 𝐻

(4.18)

where

𝑅𝐻̃𝑝 𝐻̃𝑝 = 𝑅𝐻̂𝑝,𝐿𝑆 𝐻̂𝑝,𝐿𝑆 = 𝐹𝑅ℎℎ 𝐹𝑝 𝐻 + 𝑋

and

𝑅𝐻𝐻̃𝑝 = 𝑅𝐻𝐻̂𝑝,𝐿𝑆 = 𝐹𝑅ℎℎ 𝐹𝑝 𝐻

𝜎𝑍2

𝑝 𝑋𝑝

𝐻

𝐼𝑁

̂𝑝,𝑀𝑀𝑆𝐸 = 𝐹𝑅ℎℎ 𝐹𝑝 𝐻 {𝑋𝑝 𝐹𝑅ℎℎ 𝐹𝑝 𝐻 𝑋𝑝 𝐻 + 𝜎𝑍2 𝐼𝑁 }−1 𝑋𝑝 𝐻 𝑌𝑝
𝐻

(4.19)
(4.20)

4.5 MIMO OFDM Channel Estimation
The MIMO OFDM channel estimation can be performed for block type and comb type
pilots by using LS and MMSE channel estimators, which are discussed in the next section. The
block diagram of MIMO OFDM system is shown in Figure 4.5. An optimal training pattern for
least square channel estimation in MIMO OFDM systems has been proposed in [15]. In MIMO
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OFDM system we use orthogonal pilots. Orthogonal pilots mean that when we transmit pilot
symbol from one antenna, the other antenna remains silent or it transmits null symbol. We use
SFBC-encoded MIMO OFDM system in which data and pilot symbols are SFBC encoded. Due
to presence of orthogonal pilot symbols, the MIMO OFDM channel estimation is similar to SISO
OFDM channel estimation. The SFBC encoded matrix for pilot estimation is given as:
→ Frequency
𝑆=[

𝑆1 (𝑛, 𝑘) 𝑆1 (𝑛, 𝑘 + 1)
𝑋(𝑛, 𝑘)
]=[
𝑆2 (𝑛, 𝑘) 𝑆2 (𝑛, 𝑘 + 1)
0

0
] ↓ 𝑆𝑝𝑎𝑐𝑒
𝑋 (𝑛, 𝑘)
∗

Figure 4.5: Block diagram of MIMO OFDM channel estimation.

(4.21)
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4.5.1 Using Block-Type Pilots
Similar to SISO OFDM block type channel estimation, the LS and MMSE estimation of
MIMO OFDM system is explained in the following sections.
Using Least Square Estimator:
The least square channel estimator for MIMO OFDM systems using block type pilots is
given as:
̂𝑝,𝐿𝑆(𝑖,𝑗) = (𝑋𝑗 )−1 𝑌𝑖
𝐻

(4.22)

where i, j are the transmit and receive antennas.
Using Minimum Mean Square Error Estimator:
The MMSE estimate for a MIMO OFDM system using comb type pilot symbols is given
as:
𝐻
̂(𝑖,𝑗)𝑀𝑀𝑆𝐸 = 𝑅𝐻𝐻̃(𝑖,𝑗) 𝑅𝐻−1
𝐻
̃𝐻
̃ (𝑖,𝑗) 𝑋𝑗 𝑌𝑖
−1

= 𝐹𝑅ℎℎ(𝑖,𝑗) 𝐹 𝐻 {𝑋𝑗 𝐹𝑝 𝑅ℎℎ(𝑖,𝑗) 𝐹𝑝 𝐻 𝑋𝑗 𝐻 + 𝜎𝑍2 𝐼𝑁 } 𝑋𝑗 𝐻 𝑌𝑖

(4.23)

4.5.2 Using Comb-Type Pilots
The Np pilot symbols are inserted uniformly into X(k) using the formula shown below.
𝑋(𝑘) = 𝑋(𝑚𝐿 + 𝑙)
={

𝑋𝑝 (𝑚);
𝐼𝑛𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝐷𝑎𝑡𝑎;

𝑙=0

𝑙 = 1,2, … 𝐿 − 1

(4.24)

where m is the pilot index.
Using Least Square Estimator:
The LS estimate for comb type arrangement in MIMO OFDM system is given as:
̂(𝑖,𝑗)𝑝,𝐿𝑆 = 𝑋𝑗 −1 𝑌𝑖
𝐻
𝑝
𝑝

(4.25)
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Using Minimum Mean Square Error Estimator:
The MMSE estimator for comb type arrangement for a MIMO OFDM system is given as:
𝐻
̂(𝑖,𝑗)𝑝,𝑀𝑀𝑆𝐸 = 𝑅𝐻𝐻̃(𝑖,𝑗) 𝑅𝐻−1
𝐻
̃𝐻
̃ (𝑖,𝑗) 𝑋𝑗 𝑝 𝑌𝑖 𝑝
−1

= 𝐹𝑅ℎℎ(𝑖,𝑗) 𝐹𝑝 𝐻 {𝑋𝑗 𝑝 𝐹𝑝 𝑅ℎℎ(𝑖,𝑗) 𝐹𝑝 𝐻 𝑋𝑗 𝑝 𝐻 + 𝜎𝑍2 𝐼𝑁 }

𝑋𝑗 𝑝 𝐻 𝑌𝑖 𝑝

(4.26)

CHAPTER 5: SIMULATION RESULTS AND COMPARISON

The channel estimation of SISO and MIMO OFDM systems using LS and MMSE
estimators with block- and comb-type pilots discussed in Chapters 4 were simulated and
analyzed using MATLAB R2010a.
5.1 MSE Comparison for a Rayleigh Channel
The LS and MMSE channel estimators were simulated with block- and comb-type pilots
for SISO and MIMO OFDM systems where a Rayleigh channel has been used. The channel
model for a SISO OFDM system with sampling interval Ts is given by:
ℎ(𝑛) = 𝛿(𝑛) + 𝛿(𝑛 − 0.5𝑇𝑠 ) + 𝛿(𝑛 − 2.5𝑇𝑠 )

(5.1)

whereas the channel model for a MIMO OFDM system is given as [13]:
ℎ11 (𝑛) = 𝛿(𝑛) + 𝛿(𝑛 − 0.5𝑇𝑠 ) + 𝛿(𝑛 − 3.5𝑇𝑠 )
ℎ12 (𝑛) = 𝛿(𝑛) + 𝛿(𝑛 − 0.3𝑇𝑠 ) + 𝛿(𝑛 − 1.1𝑇𝑠 )
ℎ21 (𝑛) = 𝛿(𝑛) + 𝛿(𝑛 − 0.6𝑇𝑠 ) + 𝛿(𝑛 − 0.9𝑇𝑠 )
ℎ22 (𝑛) = 𝛿(𝑛) + 𝛿(𝑛 − 0.4𝑇𝑠 ) + 𝛿(𝑛 − 2. 1𝑇𝑠 )

(5.2)

The simulation parameters are mentioned in Table 5.1. The simulation is done for both
SISO and MIMO OFDM systems for a bandwidth of 1 MHZ in a Rayleigh fading channel. The
performance evaluation of the channel estimators is done by using MSE vs SNR and BER vs
SNR plots.
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Table 5.1 Simulation Parameters for a Rayleigh Channel
Parameters

Specifications

FFT Size

128

No. of active subcarriers

128

Guard Interval samples

32

Bandwidth

1 MHZ

Signal Constellation

QPSK

Channel type

Rayleigh

No. of Antennas

1x1, 2x2

Pilot Type

Block, Comb

No. of symbols

64

The MSE vs SNR plot for a normalized Doppler of 0.0008 is shown in Figure 5.1. It can
be observed that as the Doppler frequency is low the performance by block type pilots is better
than comb type pilots. Also it can be seen that MMSE performs better than LS estimator as we
assume that the channel power delay profile is known at the receiver. The MSE of SISO OFDM
system is better when compared to MIMO OFDM system because we have four channels in
MIMO OFDM system compared to one channel in SISO OFDM system.
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Figure 5.1 MSE vs SNR plot in a Rayleigh channel at normalized Doppler of 0.0008.
The MSE vs SNR plot for a normalized Doppler of 0.024 is shown in Figure 5.2. It can
be observed that as the Doppler frequency is moderate the performance by comb type pilots is
better than block type pilots. Also it can be seen that MMSE performs better than LS estimator as
we assume that the channel power delay profile is known at the receiver. The MSE of SISO
OFDM system is better when compared to MIMO OFDM system.
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Figure 5.2 MSE vs SNR plot in a Rayleigh channel at normalized Doppler of 0.024.
The MSE vs SNR plot for a normalized Doppler of 0.048 is shown in Figure 5.3. It can
be observed that as the Doppler frequency is high the performance by comb type pilots is better
than block type pilots. Also it can be seen that MMSE performs better than LS estimator as we
assume that the channel power delay profile is known at the receiver. The MSE of SISO OFDM
system is better when compared to MIMO OFDM system.
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Figure 5.3 MSE vs SNR plot in a Rayleigh channel at normalized Doppler of 0.048.
5.2 BER Comparison for a Rayleigh Channel
The BER vs SNR plot for a normalized Doppler of 0.0008 is shown in Figure 5.4. It can
be observed that as the Doppler frequency is low the performance by block type pilots is better
than comb type pilots. Also it can be seen that MMSE performs better than LS estimator as we
assume that the channel power delay profile is known at the receiver. The BER of MIMO OFDM
system is better when compared to SISO OFDM system due to the fact that by increasing the
number of antennas and using SFBC the diversity increases.

39

Figure 5.4 BER vs SNR plot in a Rayleigh channel at normalized Doppler of 0.0008.
The BER vs SNR plot for a normalized Doppler of 0.024 is shown in Figure 5.5. It can be
observed that as the Doppler frequency is moderate the performance by comb type pilots is better
than block type pilots. Also it can be seen that MMSE performs better than LS estimator as we
assume that the channel power delay profile is known at the receiver. The BER of MIMO OFDM
system is better when compared to SISO OFDM system.
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Figure 5.5 BER vs SNR plot in a Rayleigh channel at normalized Doppler of 0.024.
The BER vs SNR plot for a normalized Doppler of 0.048 is shown in Figure 5.6. It can be
observed that as the Doppler frequency is high the performance by comb type pilots is better than
block type pilots. Also it can be seen that MMSE performs better than LS estimator as we
assume that the channel power delay profile is known at the receiver. The BER of MIMO OFDM
system is better when compared to SISO OFDM system.
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Figure 5.6 BER vs SNR plot in a Rayleigh channel at normalized Doppler of 0.048.
5.3 MSE Comparison for a SUI-3 Channel
The LS and MMSE channel estimators were simulated with block- and comb-type pilots
for SISO and MIMO OFDM systems where an SUI-3 channel has been used. The parameters of
SUI-3 channel are defined in the Table 5.2.
Table 5.2 SUI-3 Channel Parameters
Tap

Delay(µs)

Gain(db)

1

0

0

2

0.4

-5

3

0.9

-10
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SUI channel models have LOS component. The simulation parameters are mentioned in
Table 5.3. The simulation is done for both SISO and MIMO OFDM systems for a bandwidth of
1 MHZ in a Rayleigh fading channel. The performance evaluation of the channel estimators is
done by using MSE vs SNR and BER vs SNR plots.
Table 5.3 Simulation Parameters for a SUI-3 Channel
Parameters

Specifications

FFT Size

128

No. of active subcarriers

128

Guard Interval samples

32

Bandwidth

1 MHZ

Signal Constellation

QPSK

Channel type

SUI-3

No. of Antennas

1x1, 2x2

Pilot Type

Block, Comb

No. of symbols

64

The MSE vs SNR plot for a normalized Doppler of 0.0008 is shown in Figure 5.7. It can
be observed that as the Doppler frequency is low the performance by block type pilots is better
than comb type pilots. Also it can be seen that MMSE performs better than LS estimator as we
assume that the channel power delay profile is known at the receiver. The MSE of SISO OFDM
system is better when compared to MIMO OFDM. The performance is better in SUI-3 channel
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when compared with Rayleigh channel due to the presence of LOS component in SUI channel
models.

Figure 5.7 MSE vs SNR plot in a SUI-3 channel at normalized Doppler of 0.0008.
The MSE vs SNR plot for a normalized Doppler of 0.024 is shown in Figure 5.8. It can
be observed that as the Doppler frequency is moderate the performance by comb type pilots is
better than block type pilots. Also it can be seen that MMSE performs better than LS estimator as
we assume that the channel power delay profile is known at the receiver. The MSE of SISO
OFDM system is better when compared to MIMO OFDM system.
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Figure 5.8 MSE vs SNR plot in a SUI-3 channel at normalized Doppler of 0.024.
The MSE vs SNR plot for a normalized Doppler of 0.048 is shown in Figure 5.9. It can
be observed that as the Doppler frequency is high the performance by comb type pilots is better
than block type pilots. Also it can be seen that MMSE performs better than LS estimator as we
assume that the channel power delay profile is known at the receiver. The MSE of SISO OFDM
system is better when compared to MIMO OFDM system.
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Figure 5.9 MSE vs SNR plot in a SUI-3 channel at normalized Doppler of 0.048.
5.4 BER Comparison for a SUI-3 Channel
The BER vs SNR plot for a normalized Doppler of 0.0008 is shown in figure 5.10. It can
be observed that as the Doppler frequency is low the performance by block type pilots is better
than comb type pilots. Also it can be seen that MMSE performs better than LS estimator as we
assume that the channel power delay profile is known at the receiver. The BER of MIMO OFDM
system is better when compared to SISO OFDM system due to the fact that by increasing the
number of antennas and using SFBC the diversity increases. Also the performance of SUI
channel model is better than Rayleigh channel due to the presence of LOS component.
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Figure 5.10 BER vs SNR plot in a SUI-3 channel at normalized Doppler of 0.0008.
The BER vs SNR plot for a normalized Doppler of 0.024 is shown in Figure 5.11. It can
be observed that as the Doppler frequency is moderate the performance by comb type pilots is
better than block type pilots. Also it can be seen that MMSE performs better than LS estimator as
we assume that the channel power delay profile is known at the receiver. The BER of MIMO
OFDM system is better when compared to SISO OFDM system.

47

Figure 5.11 BER vs SNR plot in a SUI-3 channel at normalized Doppler of 0.024.
The BER vs SNR plot for a normalized Doppler of 0.048 is shown in Figure 5.12. It can
be observed that as the Doppler frequency is high the performance by comb type pilots is better
than block type pilots. Also it can be seen that MMSE performs better than LS estimator as we
assume that the channel power delay profile is known at the receiver. The BER of MIMO OFDM
system is better when compared to SISO OFDM system.
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Figure 5.12 BER vs SNR plot in a SUI-3 channel at normalized Doppler of 0.048.
5.5 BER vs Normalized Doppler Comparison for a Rayleigh Channel
The BER vs normalized Doppler plot is shown in Figure 5.13. It can be observed that as
the normalized Doppler increases, BER increases due to the fact that with increase in Doppler
frequency the channel becomes fast time varying and it becomes difficult to estimate the channel
before it changes.
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Figure 5.13 BER vs normalized Doppler plot for Rayleigh channel at SNR=12db.
5.6 BER vs Normalized Doppler Comparison for a SUI-3 channel
The BER vs normalized Doppler plot is shown in Figure 5.14. It can be observed that as
the normalized Doppler increases, BER increases due to the fact that with increase in Doppler
frequency the channel becomes fast time varying and it becomes difficult to estimate the channel
before it changes. Also, the SUI-3 channel performance is better than Rayleigh channel.
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Figure 5.14 BER vs normalized Doppler plot for SUI-3 channel at SNR=12db.

CHAPTER 6: CONCLUSION AND FUTURE WORK
6.1 Conclusion
The channel estimation of SISO and MIMO OFDM systems using LS and MMSE
channel estimators for block type and comb type pilots have been simulated at different
Doppler frequencies and different channel scenarios like the Rayleigh fading and SUI-3
channel model. The performance of the channel estimators is evaluated using the MSE
and BER plots.
The MMSE channel estimator performs better than LS estimator but it involves a
matrix inversion. So, the improvement in performance comes with some complexity and
also the receiver has to know CSI to perform MMSE estimation.
The MSE vs SNR and BER vs SNR plots of both SISO and MIMO OFDM
systems have been plotted. The BER performance of MIMO OFDM systems is better
compared to SISO OFDM systems as the diversity of MIMO OFDM systems is increased
by using SFBC scheme. Also, the performance in SUI-3 channel environment is better
compared to Rayleigh channel environment due to the presence of LOS component in
SUI-3 channel model.
At low Doppler frequencies MMSE estimator using block type pilots performs
better while at high Doppler frequencies MMSE estimator using comb type pilots
performs better. Hence, the comb type MMSE estimator in MIMO OFDM is optimal in
fast-fading scenarios.
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6.2 Future Work
The future work may include channel estimation using a combination of block
type and comb type pilots. Also, ICI is not considered in this thesis work. So, channel
estimation techniques considering ICI can also be developed. As SFBC is used in this
work, channel estimation schemes for a combination of spatial multiplexing and spatial
diversity systems may be developed.
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